In Drosophila melanogaster, Slit acts as a repulsive cue for the growth cones of the commissural axons which express a receptor for Slit, Roundabout (Robo), thus preventing the commissural axons from crossing the midline multiple times. Experiments using explant culture have shown that vertebrate Slit homologues also act repulsively for growth cone navigation and neural migration, and promote branching and elongation of sensory axons. Here, we demonstrate that overexpression of Slit2 in vivo in transgenic zebrafish embryos severely affected the behavior of the commissural reticulospinal neurons (Mauthner neurons), promoted branching of the peripheral axons of the trigeminal sensory ganglion neurons, and induced defasciculation of the medial longitudinal fascicles. In addition, Slit2 overexpression caused defasciculation and deflection of the central axons of the trigeminal sensory ganglion neurons from the hindbrain entry point. The central projection was restored by either functional repression or mutation of Robo2, supporting its role as a receptor mediating the Slit signaling in vertebrate neurons. Furthermore, we demonstrated that Islet-2, a LIM/homeodomain-type transcription factor, is essential for Slit2 to induce axonal branching of the trigeminal sensory ganglion neurons, suggesting that factors functioning downstream of Islet-2 are essential for mediating the Slit signaling for promotion of axonal branching. q
Introduction
Islet-2, a LIM/homeodomain-type transcription factor of the Islet-1 family (Islet-1, Islet-2 and Islet-3), is expressed in the primary sensory neurons and the caudal primary motor neurons (CaP) in zebrafish (Danio rerio) embryos (Inoue et al., 1994; Appel et al., 1995; Tokumoto et al., 1995) . Our previous study revealed that the protein which consists only of the LIM domains of Islet-2 (LIM Isl-2 ) functions as a dominant-negative variant by inhibiting formation of the heterotetrameric complex by Islet-2 with homodimers of the LIM domain binding (Ldb) proteins (Segawa et al., 2001) . Overexpression of LIM Isl-2 causes defects in axonal outgrowth, positioning error, and abnormal transmitter expression in the Islet-2-expressing primary sensory neurons and CaP. Especially in the Rohon-Beard neurons and the trigeminal sensory ganglion neurons, the expression of Islet-2 itself was downregulated, and their peripheral axons were completely eliminated. In contrast, the central axons extended normally in the dorsal part of the central nervous system (CNS) as in the wild-type embryos (Segawa et al., 2001 ). These results indicate that outgrowth and branching of the peripheral and central axons of the primary sensory neurons is controlled by distinct mechanisms, and Islet-2 is involved selectively in outgrowth and branching of the peripheral axons. Since the elimination of the peripheral axons of the primary sensory neurons by the functional repression of Islet-2 is opposite to the reported branchpromoting activity of Slit on the sensory neurons , we were intrigued by a possibility that Islet-2 may be involved in mediating the effects of Slit for promotion of axonal branching in the sensory neurons.
The slit gene was originally identified as a gene whose mutation affects the external midline structure in Drosophila melanogaster (Rothberg et al., 1988) , and acts as the midline repellent as a ligand for the Robo receptor Brose et al., 1999; Li et al., 1999) . Slit guides the growth cones of the commissural axons so that they are repulsed away from the midline after they cross it, thereby preventing them from re-crossing the midline. The CNS axonal scaffold collapses in the slit mutant embryo because the commissural axons are unable to leave the midline. Slit also functions as a chemorepellent controlling mesoderm migration away from the midline . The mammalian homologues of Slit and Robo have been identified (Holmes et al., 1998; Itoh et al., 1998) . They are coordinately expressed in the developing CNS of vertebrate . Slit proteins (Slit1, Slit2, and Slit3) share a common domain structure and show a high degree of sequence homology with Drosophila Slit. As in Drosophila, the vertebrate Slit proteins exert pleiotropic functions. In mammals, Slit was originally identified as a factor to promote branching of the axons from the dorsal root ganglion Ö zdinler and Erzurumlu, 2002) . Slit also acts as a repellent on the axons from the olfactory bulb, the dentate gyrus in the hippocampus, and the spinal motor neurons (Li et al., 1999; Brose et al., 1999; Nguyen Ba-Charvet et al., 1999) . In zebrafish, both Slit and Robo homologues have been identified (Yeo et al., 2001; Lee et al., 2001; Challa et al., 2001; Hutson et al., 2003) . The astray mutant has a defect in the robo2 gene, and shows specific error in the pathfinding by the retinal axons (Fricke et al., 2001; Hutson and Chien, 2002) .
Here, we first demonstrate the pleiotropic functions of Slit in vivo by overexpression of Slit2 in transgenic zebrafish embryos. Slit2 overexpression severely affected the behavior of the commissural reticulospinal neurons (Mauthner neurons), promoted branching of the peripheral axons of the trigeminal sensory ganglion neurons, and induced defasciculation of the medial longitudinal fascicles (MLFs). In addition, Slit2 overexpression caused defasciculation and deflection of the central axons of the trigeminal sensory ganglion neurons from the hindbrain entry point. Functional repression or mutation of Robo2 restored the central projection of the trigeminal sensory ganglion neurons. Second, we further show that repression of the Islet-2 function indeed counteracts the effects of Slit2 overexpression to promote axonal branching of the sensory neurons, indicating that Islet-2 regulates the Slit signaling for axonal branching in the sensory neurons of embryonic zebrafish.
Results

Generation of Slit2:GFP-transgenic zebrafish and protein distribution
Both zebrafish slit2 and slit3 mRNA are expressed in the ventral midline of the hindbrain and the spinal cord (Yeo et al., 2001) . To study the pleiotropic functions of Slit in vivo, we generated transgenic zebrafish lines in which a recombinant protein (Slit2-GFP) of Slit2 fused with Green Fluorescent Protein (GFP) at its carboxyl terminus could be induced ubiquitously by heat-shock treatment to various degrees depending on the lines. Four Slit2-overexpressing transgenic lines (Tg(hsp70:Slit2-GFP)) were created, and subdivided into weakly expressing line, Tg(hsp70:Slit2-GFP) rw015b (abbreviated as Slit2-2W, hereafter) and strongly expressing lines, Tg(hsp70:Slit2-GFP) rw015a , Tg(hsp70:Slit2-GFP) rw015d , Tg(hsp70:Slit2-GFP) rw015e , which are, respectively, abbreviated as Slit2-1S, Slit2-4S, Slit2-5S, hereafter (Fig. 1A) (Yeo et al., 2001) . Southern blot hybridization analysis showed that the copy number of the integrated transgene was as follows; 1 copy per haploid genome in Slit2-2W approximately five copies in Slit2-1S, approximately nine copies in Slit2-4S, and more than 14 copies in Slit2-5S (data not shown). Homozygous embryos of these lines developed normally unless they received heatshock treatment.
Overexpressing of Slit2-GFP affects the axonal pathfinding in the zebrafish embryos
To investigate whether Slit2 affects the axonal pathfinding, we applied heat-shock treatment (39 8C, 1 h) to the embryos of the Tg(hsp70:Slit2-GFP) transgenic line.
Because the mRNA of slit2 was expressed in the ventral midline of the hindbrain (Yeo et al., 2001) , we focused on the reticulospinal neurons including Mauthner neurons which are located in the rhombomere 4 near the anterior tip of the otic vesicle. Among the three identified zebrafish robo family members, the robo3 gene is expressed in the reticulospinal neurons at the early stage of embryonic development (Fig. 1B, and Lee et al., 2001; Challa et al., 2001) . The axons of Mauthner neurons cross the midline and extend caudally on the contralateral side ( Fig. 2A,E) . We applied heat-shock treatment (39 8C, 1 h) to the homozygous embryos of the Slit2-1S line first at 11 hpf before Mauthner neurons start axonogenesis (Metcalfe et al., 1990) , and again at 24 hpf. The second heat-shock treatment was given to facilitate identification of the transgenic fish, and this treatment alone had no effect on the axonal pathfinding of Mauthner neurons (data not shown). GFP fluorescence started to be detected from around 1 h after the heat-shock treatment, and faded below detectable level by 12 h later. A significant number of axons from Mauthner neurons recrossed the midline (14%, n ¼ 52Þ; and eventually descended along the ipsilateral MLF, although all axons crossed the midline at least once as in wild-type embryos (Fig. 2B,F) . Some axons showed abnormal bifurcation (9%, n ¼ 52). Intriguingly, we found no case where the Mauthner axons behaved abnormally from the beginning of axonogenesis in the homozygous Slit2-1S embryos. They did so only once they crossed the midline. However, in heterozygous embryos of the Slit2-4S line in which the induction level of Slit2-GFP protein was significantly higher than that in the Slit2-1S homozygous embryos, we observed in some embryos that the Mauthner axons extended posteriorly without crossing the midline (14% of the 28 examined Mouthner neurons) or even anteriorly in a short distance (71% of the 28 Mauthner neurons) before they cross the midline and descended posteriorly (Fig. 2C,D) ( Table 1) .
Overexpression of Slit2 also affected the axonal pathfinding of the sensory neurons. The sensory neurons in the trigeminal ganglia are bipolar with their central axons projecting into the hindbrain and their peripheral axons arborizing on the surface of the head (Fig. 3A ,C,G) (Metcalfe et al., 1990) . Their central axons normally form a tight bundle, and enter rhombomere 2 of the hindbrain at 15 hpf. In the Slit2-1S homozygous embryos at 28 hpf which were heat-shocked twice at 11 and 24 hpf, the central axons failed to enter the hindbrain. They were deflected from the normal entry site of the hindbrain, became defasciculated, and spread over the surface of the hindbrain (Fig. 3B,D) . In normal embryos, the central axons from the neurons in the cranial sensory ganglia enter the hindbrain through entry points at stereotypically defined positions (Metcalfe et al., 1990) . In the embryonic hindbrain, expression of Slit2 is found mainly in the floor plate cells (Yeo et al., 2001 ). In addition to this, another members of Slit, Slit1a and Slit1b, are expressed in the hindbrain. Slit1a is broadly expressed in the hindbrain from 10 somites stage to 48 hpf, and Slit1b is expressed in the trigeminal sensory ganglia (Hutson et al., 2003) . To elucidate the relationship between projection of the trigeminal central axons and Slit1a expression, we performed the double labeling for acetylated a-tubulin and slit1a in 24-hpf embryos. The cross section at the hindbrain region revealed that the central axons descended in the slit1a-negative area of the hindbrain (Fig. 1D) . These indicate that, in normal development, the central axons of trigeminal ganglion sensory neurons may be regulated by Slit1a in its axonal projection and fasciculation. And ectopically induced Slit2 may mimic the effects of Slit1a on the central of the trigeminal ganglion sensory neurons.
In addition to the central axon defect, the peripheral axons from the trigeminal sensory ganglion neurons also showed abnormally increased branching over the surface of the head in Slit2-overexpressing transgenic embryos (compare Fig. 3H,Iwith Fig. 3G ). The peripheral trigeminal growth cones of the Slit2-4S heterozygous embryos which received heat-shock treatment at 11 hpf and were fixed at 25 hpf were characteristically larger with more lamellipodia and filopodia compared with those of wild-type embryos. In the Slit2-4S heterozygous embryos which were heatshocked at 17 hpf and fixed at 25 hpf, the growth cones showed an intermediate phenotype (inset in Fig. 3H ), indicating that the extent of the effect of Slit2 overexpression was proportional to the duration during which the growth cones were under the influence of Slit2. RohonBeard neurons are another set of primary sensory neurons that start axonogenesis at about 16.5 hpf (Bernhardt et al., 1990; Metcalfe et al., 1990 ). In the wild-type embryos, two or three Rohon-Beard neurons per hemisegment extend ascending and descending central axons which form the dorsal longitudinal fascicle (DLF) of the spinal cord, and also extend their peripheral axons which arborize extensively over the surface of the trunk (Fig. 3E) (Bernhardt et al., 1990; Metcalfe et al., 1990) . Normally, the central branches never cross the midline. In Slit2-overexpressing embryos, in contrast, the cell bodies of Rohon-Beard neurons were frequently mislocated near the dorsal midline, and some of their central axons extended to both sides of the spinal cord (Fig. 3F) .
Overexpression of Slit2-GFP also affected the fasciculation of the MLF in a dose-dependent manner. We incubated the Slit2-2W heterozygous, the Slit2-1S heterozygous and Immunostaining with 3A10 antibody of the wild-type (WT) (A,E), homozygous Slit2-1S (B,F) and heterozygous Slit2-4S (C,D) embryos at 36 hpf (A-D) and 48 hpf (E, F) which were all heat-shocked at 12 hpf. Mauthner axons recrossed the midline (white arrowhead in B and F, 14%; n ¼ 52), and abnormally bifurcated (white arrow in B, 9%; n ¼ 52) in the homozygous Slit2-1S embryos. In the heterozygous Slit2-4S embryos, Mauthner neurons frequently extended their axons anteriorly (arrowheads in C and D, 71%; n ¼ 28) and their axons descended ipsilaterally without crossing the midline (arrows in C and D, 14%; n ¼ 28). The central axons (c-tg) of trigeminal sensory ganglion neurons appeared to be poorly developed (asterisk in F). ov, otic vesicle. Slit2-1S homozygous embryos at 38 8C for 1 h at 11 hpf. In the Slit2-1S heterozygous embryos, which overexpressed Slit2-GFP at the lowest level, we observed that the MLF became slightly defasciculated only within the rhombomeres 5 and 6 (Fig. 4B) . When a higher level of Slit2-GFP was induced in the Slit2-1S heterozygous embryos, defasciculation of the MLF became more prominent and extended into other rhombomeres. The defasciculated axons were observed to frequently cross the midline in a region where midline crossing would never be observed in wildtype embryos (Fig. 4C) . The MLF was almost totally disrupted in the Slit2-1S homozygous embryos, where Slit2-GFP was induced at the highest level (Fig. 4D) . In order to exclude the possibility that ectopically expressed Slit2 perturbed midline structure, we performed double labeling for acetylated a-tubulin and midline marker F-spondin2 (Higashijima et al., 1997) in the Slit2-overexpressing embryo. In the wild-type embryos, the axons of MLF descended along the midline where F-spondin2 was expressed as tight fascicles and never cross the midline (Fig. 4E) . On the other hand, in the Slit2-1S heterozygous embryos, axons of MLF slightly defasciculate and cross the midline. However, the expression pattern of F-spondin2 was identical to that in the wild-type embryos (Fig. 4F) . These results support that ubiquitously overexpressed Slit2 disturbs the axonal pathfinding of MLF without perturbing the midline structure.
Involvement of Robo2 in the Slit signaling in the trigeminal sensory ganglion neurons
Among the three identified zebrafish robo family members , robo2 is expressed in the trigeminal sensory ganglion neurons of early embryos, respectively (Fig. 1C) . We confirmed that Robo functionally mediates the Slit signal in vertebrates by examining whether repression of Robo function could rescue the abnormal defasciculation and deflection by the central axons of the trigeminal sensory ganglion neurons in the Slit2-overexpressing embryos. First, we examined whether Robo2 interacts with Slit2 in zebrafish embryos by overexpressing putative dominant-negative forms of Robo2. Notably, the central axons of the trigeminal sensory ganglion neurons were rescued to enter the hindbrain in a significant number of the heat-shocked Slit2-4S heterozygous embryos, if they had been injected at the one-cell stage with mRNA encoding putative dominant-negative forms of Robo2 consisting of either the extracellular domain alone of Robo2 (Robo2 Sec ) (94%, n ¼ 18Þ or the extracellular and transmembrane domains of Robo2 (Robo2e) (60%, n ¼ 48) (Bashaw and Goodman, 1999) , both of which lacked the cytoplasmic domain (Fig. 5D,E) . Deflection of the central axons of the trigeminal sensory ganglion neurons from the hindbrain entry point was predominantly observed in the Slit2-4S heterozygous and Slit2-1S homozygous embryos overexpressing Slit2 at high levels but not in the Slit2-1S heterozygous embryos which express Slit2 at lower levels. It was also dependent on how long we treated the embryos with heatshock (data not shown). These results support the idea that deflection of the central axons of the trigeminal sensory ganglion neurons by heat-shock induction of Slit2 needs overexpression of Slit2 above a certain critical threshold, suggesting that partial impairment of the signals acting downstream of Slit2 may also rescue this abnormality. We confirmed this by using the astray ti272z (ast) mutant in which the axons from the retinal ganglion cells (RGCs) abnormally recross the midline due to a mutation in the robo2 gene (Fricke et al., 2001) . Even in the heat-shocked Slit2-4S heterozygous embryos, the central projection of the trigeminal sensory ganglion neurons into the hindbrain was indeed restored in 100% of the embryos ðn ¼ 5Þ when they were heterozygotes for the robo2 mutation (Fig. 5F ), while the central axons normally projected into the hindbrain only in 9% of the embryos ðn ¼ 11Þ when they were normal with respect to the robo2 gene.
The products of downstream target genes of Islet-2 are involved in the Slit signaling cascade for promotion of axonal branching
We previously reported that repression of the function of Islet-2 by overexpression of the LIM domains of Islet-2 specifically prevents the outgrowth of the peripheral axons of the trigeminal sensory ganglion neurons and Rohon-Beard neurons (Segawa et al., 2001) . Since Slit2 also promoted branching and elongation of the peripheral axons of the trigeminal sensory ganglion neurons and RohonBeard neurons as deduced from the phenotype of the Slit2-overexpressing embryo, we were intrigued if Islet-2 may control the outgrowth of the peripheral axons of these sensory neurons by inducing the expression of some factors which are essential for mediating the intracellular signaling for Slit2. To examine this possibility, we overexpressed both Slit2 and LIM Isl-2 simultaneously by injecting mRNA for LIM Isl-2 into the one-cell stage Slit2-4S heterozygous embryos.
In the embryo overexpressing Slit2 alone, the peripheral axons of the trigeminal sensory ganglion neuron were elongated and extensively branched. And its central axons were also defasciculated, extensively branched, and failed to enter the hindbrain (Fig. 6C) . In contrast, in 41% of the embryos ðn ¼ 17Þ simultaneously overexpressing Slit2 and LIM Isl-2 , the central axons of the trigeminal sensory ganglion neurons were fasciculated and entered the hindbrain as in the normal embryos (Fig. 6D) . Even in the cases when their central axons failed to enter the hindbrain, they were fasciculated. Intriguingly, their peripheral axons extended as a fascicle in an opposite direction to the fascicle of the central axons (Fig. 6E,F) .
These data showed that Islet-2 regulates expression of some factors which are essential for mediating the Slit signaling to promote axonal branching of the trigeminal sensory ganglion neurons. Since overexpression of LIM Isl-2 Fig. 4 . Slit2 acts in a dose-sensitive manner on the MLF. Immunostai ning with aTb antibody of the wild-type (WT) (A), heterozygous Slit2-2W (B), heterozygous Slit2-1S (C), and homozygous Slit2-1S (D) embryos at 28 hpf which were heat-shocked twice at 12 and 24 hpf. Ventral views of the hindbrain; anterior, left. The MLFs were slightly defasciculated within hindbrain rhombomeres 5 (r5) and 6 (r6) of the heterozygous Slit2-2W embryo (B), and some axons wandered toward the midline (white arrowheads). MLF was more severely distrupted in the heterozygous or homozygous Slit2-1S embryo than in the heterozygous Slit2-2W embryo (B,C,D). ov, otic vesicle; r, rhombomere of the hindbrain. E,F, The midline structure was not affected by ectopically overexpressed Slit2. Double staining with aTb antibody and midline marker F-spondin2 mRNA in the wild-type (wt) (E) and heterozygous Slit2-1S (F) 24-hpf embryos which were heat-shocked at 12 hpf. In the transgenic embryo, abnormal crossing axons of MLF were observed (white arrowheads in F), but the Fspondin2-positive midline structure was not affected.
could not prevent the promotion of elongation of the peripheral axons by Slit2 overexpression, separate mechanisms may be responsible for promotion of axonal branching and elongation of the trigeminal sensory ganglion neurons by overexpression of Slit2.
We wondered whether the expression of Robo2 was directly regulated by Islet-2 in the trigeminal sensory ganglion neurons. However, its expression was not affected in individual cells by overexpression of LIM Isl-2 ðn ¼ 20Þ (Fig. 6G,H) , although the cells in trigeminal ganglion appear to be more tightly aggregated in the LIM Isl-2 -overexpressing embryos than in the wild-typed embryos, as already shown in Segawa et al. (2001) .
Discussion
Slit2 affects pathfinding of the axons of Mauthner neurons, sensory neurons and the MLF
The aberrant recrossing by the Mauthner axons in Slit2-overexpressing embryos resembled the phenotype observed in Drosophila robo mutant embryos, and is consistent with a previous report that ubiquitous overexpression of Slit in all neurons induced a phenotype similar to loss-of-function phenotype of robo in Drosophila . Masking of an endogenous concentration gradient by ubiquitous overexpression of Slit might present commissural growth cones with an environment equivalent to removal of Slit/Robo signaling by loss-of-function mutation of robo.
Our observation in the Slit2-1S homozygous embryos is consistent with an interpretation that Mauthner axons become susceptible to the effects of Slit2 only after reaching the midline as for commissural axons in Drosophila embryos . However, another observation in the Slit2-4S heterozygous embryos indicates that the growth cones of Mauthner neurons are not totally insensitive to Slit even before they reach the midline. When Slit2 was excessively overexpressed, it may misguide the growth cones of Mauthner neurons even before they cross the midline, possibly by antagonizing other cues, which should normally guide them in the medial and posterior direction.
In case of the sensory neurons in trigeminal ganglia, Slit2 appears to act on outgrowth and branching of both the peripheral and central axons. This observation is consistent with the previous report that Slit2 acts as an elongation-and Sec (E), and heterozygous Slit2-4S;ast þ/2 embryo (F). Dorsal views; anterior, left.
Deflection of the central axons of trigeminal sensory ganglion neurons (c-tg) was observed in the heterozygous Slit2-4S embryos (B, 97%; n ¼ 32). The central projection was restored in heterozygous Slit2-4S embryos injected with mRNA encoding Robo2e (D, 60%; n ¼ 48) and Robo2 Sec (E, 94%; n ¼ 18) mRNA, both of which were lacking the cytoplasmic domain of Robo2. F, Slit2-induced deflection of sensory axons was restored in an ast heterozygote (ast/þ ).
branch-promoting factor for sensory neurons Ö zdinler and Erzurumlu, 2002) .
Defasciculation of the MLF and the central axons of the trigeminal sensory ganglion neurons in Slit2-overexpressing embryos was another prominent abnormality with no parallel observation reported in explant culture experiments . We recently showed that Slit2 can affect dynamic mediolateral intercalation movements of cells during convergent extension of the gastrula mesoderm (Yeo et al., 2001) . Taken together, these observations suggest that Slit may affect the level of cell -cell interaction, probably by modulating activities of adhesion molecules. Homo-and heterophilic interactions by various cell adhesion molecules are thought to be important for growth cone guidance. Antibody perturbation of certain cell adhesion molecules causes many commissural axons to fail to fasciculate and/or to cross the midline (Stoeckli and Landmesser, 1995) . In wild-type embryos, the axons in MLF extend caudally on the ipsilateral side of both hindbrain and spinal cord. They extend between the floor plate and the motor neurons, and send collateral branches to the motor neurons. Interestingly, both of these cells express various subtypes of Slit proteins Holmes et al., 1998; Li et al., 1999; Yeo et al., 2001) . Local increases in the concentration of Slit proteins which the growth cones of the MLF axons sense when they pass between the floor plate and the motor neurons may facilitate local collateral branching by these axons (Jontes et al., 2000) .
Control of the Slit signaling for sensory axon branching by Islet-2
Robos are known as functional receptors for Slit in vertebrate and invertebrate Kidd et al., 1999) . Our results also indicate Robo2 functions as a receptor for Slit2 for promotion of the axonal elongation and branching of the trigeminal sensory ganglion neurons in zebrafish embryos. Furthermore, our results implicated other factors, which are expressed under control of Islet-2 in mediating the Slit2 signaling for axonal branching in the trigeminal sensory ganglion neurons. We previously concluded that development of the peripheral and central axons of the trigeminal sensory ganglion neurons are regulated by separate mechanisms, since repression of the Islet-2 function by overexpression of LIM Isl-2 selectively impaired the outgrowth of the peripheral axons (Segawa et al., 2001) . However, our present data suggest that Islet-2 could control the extent of branching of both the peripheral and central axons of the trigeminal sensory ganglion neurons in response to the Slit signal, although the peripheral axons are more sensitive to the the Slit signal.
Since expression of Robo2 was not reduced by overexpression of LIM Isl-2 , systematic search for downstream target genes of Islet-2 may facilitate identification of factors critically involved in the Slit signaling for axonal branching. Recently, Abelson (Abl) tyrosine kinase and Ena/VASP, a regulator of actin polymerization, have been shown to modulate or mediate Slit/Robo signaling in Drosophila (Bashaw et al., 2000) . Slit-Robo GAPs, the Rho GTPase activating proteins, which directly interact with the intracellular domain of Robo are known to have important roles in neuronal migration (Wong et al., 2001 ). However, no other factors have been identified which act downstream of the Slit/Robo signaling cascade in the axonal pathfinding. Defasciculation and deflection of the central axons of the trigeminal sensory ganglion neurons from the hindbrain entry point in the Slit2-GFP-overexpressing embryo could be utilized as a simple tester to check if the Slit/Robo signal is functioning normally. In addition, the deflection can be suppressed by a heterozygous robo2 mutation. Therefore, screening for dominant-suppressor mutations which in heterozygotes rescue the deflection of the sensory axons of Slit2-overexpressing transgenic embryos will lead to identification of the genes whose products would be acting in the Slit/Robo signaling cascade.
Experimental procedure
Zebrafish maintenance and mutant strains
Normal, astray mutant (ast ti272z , Karlstrom et al., 1996; Fricke et al., 2001) and Tg(hsp70:Slit2-GFP) (previously called HS2E) transgenic (Yeo et al., 2001 ) zebrafish were maintained as described in Westerfield (2000) . The embryos were staged according to Kimmel et al. (1995) .
Fish lines, genetics and heat induction
The phsp:Slit2-GFP transgene contains the zebrafish hsp70 promoter which activates the downstream gene upon an increase in ambient temperature (Halloran et al., 2000; Yeo et al., 2001 ). The Tg(hsp70:Slit2-GFP) rw015b (Slit2-2W), Tg(hsp70:Slit2-GFP) rw015a (Slit2-1S) and Tg(hsp70: Slit2-GFP) rw015d (Slit2-4S) lines were used for the present experiments. For heat-shock treatment, the Slit2-2W heterozygous, Slit2-1S heterozygous and homozygous embryos were maintained at 39 8C for 1 h, and the Slit2-4S heterozygous were placed at 38 8C for 45 min. To identify the Slit2-4S heterozygous; ast þ/2 embryos, genomic DNA was isolated from the clipped tails of 24-hpf embryos which resulted from crossing the ast ti272z heterozygous carriers with the Slit2-4S homozygous fish or wild-type fish, and typed by PCR with gfp primers (Yeo et al., 2001 ) and primers designed to amplify specifically the mutant ast allele (Fricke et al., 2001 ).
Immunohistochemistry and in situ hybridization
We used the following antibodies: anti-acetylated atubulin (Sigma), HNK-1/zn12/L2 (Development Studies Hybridoma Bank), and anti-GFP (Santa Cruz Biotechnology). Immunostaining was performed as described (Yeo et al., 2001) . For double staining, embryos were incubated with a mixture of anti-GFP and anti-acetylated a-tubulin followed by reaction with Alexa 488-conjugated anti-rabbit IgG (Molecular Probes) and Rhodamin-conjugated antimouse IgG (Molecular Probes). We carried out analysis using either a differential interference contrast microscope (Zeiss Axioplan 2) or laser scanning confocal microscope (Zeiss LSM 510). Double staining by immunohistochemistry with anti-acetylated a-tubulin antibody and in situ hybridization for Slit1a (Hutson et al., 2003) , robo2, robo3 or F-spondin2 (Higashijima et al., 1997) mRNA was carried out as described elsewhere (Segawa et al., 2001 ). Sectioning of stained embryos was carried out as described previously (Yeo et al., 2001 ).
DNA constructs and microinjection of DNA and RNA
For mRNA injection, the fragments encoding Robo2e (from Met 1 to Thr 908 ) and Robo2 Sec (from Met 1 to Gln 858 ) were cloned into pCS2 þ (Turner and Weintraub, 1994) . Injection was performed at the one-cell stage as described (Yeo et al., 2001) . The capped RNA encoding the LIM domains of Islet-2 (LIM Isl-2 ) was synthesized and injected as described previously (Segawa et al., 2001 ).
